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NOMENCLATURE

efficiency, in counts/incident neutron

total macroscopic cross section

scintillator thickness

atomic density of hydrogen in the scintillator

0.04826 x 10°P* atoms/em® at 23°C

atomic density of carbon in the scintillator

0.03986 x 1CP* atoms/cc at 23°C

free elastic-scattering microscopic cross section of
hydrogen

total microscopic cross section of carbon

number of photoelectrons from multiplier photocathode,
with subscripts referring to fast or total light

fast pseudoelectron equivalent (p.e.q.) energy

total p.e.q. energy

number of photoelectrons/MeV p.e.q.

constants in the relation between energy loss and
light output

energy of incident neutrons

ratio of the total number of photoelectrons in a pulse
to the number in the fast component

descriminator bias in photons

fast spectrum of the light output, in p.e.q.

effective { corresponding to the discriminator speed
discriminator biases for a secondary particle, in units
of MeV p.e.q. and of the secondary particles energy,
respectively

k/C*, a measure of the pulse height resolution

first and second effective collision efficiencies
incident current of neutrons per e’

energy spectrum of the neutrons which have made i-1
collision

mean proportion of collisions of neutron with hydrogen

or carbon which are detected above the bias EB




(E_,E)

ep\tortp

eff ef

mean proportion of collisions of neutrons with hydrogen
Oor carbon which are detected above the bias E

B
cos B

c.m.

carbon recoil energy

atomic mass of carbon (neutron = 1)

macroscopic removal cross section

attenuated incident current, by the scintillator
effective thickness of scintillator

upper biases in the pulse shape discrimination

range of a proton of EO

scintillator radius

gcattering angle of neutrons in the center-of-mass system
angular differential cross section for n-p scattering
energy differential microscopic cross section

energy differential macroscopic cross section

effective macroscopic and microscopic cross section

for a given bias EB
effective macroscopic cross section for the first collicion
effective macroscopic cross section for the second

collision

velocity of compound nucleus before decay
%E = squared channel velocity
separation energy

the p.e.q. energy spectrum of the fraction of the carbon
geometrical cross section which leads to detection by
the cascade pulse evaporation process

velocity of light

macroscopic geometrical cross section

center-of-mass velocity in the C'2(n,a)Be”

neutron mass

mass of °Be atom

straight ahead current of neutrons after first effective

collision
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ratio which expresses the importance of the forward-
peaked flux from carbon inelastic scattering

transport cross section which is the sum of hydrogen
scatters and inelastic scattering on carbon leading to

the 4.4 MeV level




EFFICTENCY OF ORGANIC SCINTILLATORS FOR FAST NEUTRONS*

- oo~ 33434

Organic scintillator detection.efficiencies are estimated
for incident neutrons above 12 MeV, in which region nonelastic
reactions in the carbon of the detector become significant.
The efficiency is given in a "“first effective coliision"
approximation, later corrected for second-collision effects,
as a function of a detector threshold on the fast component
of the light from the phosphor. The analysis includes con-
sideration of nonlinear light production of both fast- and
slow-light components, pulse-shape discrimination against
gamma rays, the detector's pulse-height resolution, and edge
effects. Effective carbon cross sections are approximated
by combining a Monte Carlo intranuclear cascade and evapora-
tion contribution with the experimental '2C(n,a)®Be cross
section. Pulse heights are surmed from the series of parti-
cles emitted in the reaction of a given incident neutron with
a carbon nucleus, including pulses from secondary neutron
interactions. For 14.5-MeV incident neutrons onto NE-213
detectors 2.61 and 6.1 cm thick, the method yields efficien-
cies of 9.7 and 21.7% for a fast-light threshold equivalent
to pulses from 200-keV electrons, if no pulse-shape discrimi-

nation against gamma rays is employed.
Authre

Some calculations have already been made for determining the fast-

ABSTRACT

I. INTRODUCTION

neutron efficiency of organic scintillators.l=5¥ However, with the
exception of the paper by Kurz,5 most of the emphasis has been on the
determination of the efficiency below 15 MeV, where the problem of
multiple scattering is relatively more important than for high energy.
The work reported here was initiated in an effort to provide calcu-

lated absolute detector efficiencies for an experiment involving spectra

*Work funded by the National Aeronautics and Space Administration
under NASA Order R-10k. This report was completed and edited after
Dr. Schuttler's visit to the Laboratory was completed, and though he
cooperated greatly in its final production it is possible that his
intentions have not been precisely represented. We thank him for his
continued efforts, and hope there have been no serious misinterpre-
tations.

tPresent address: Physique du Solide, University of Toulouse, France.

See List of References at end of report.



of secondary neutrons from 160-MeV protons on various nuclei,6 and so
the particular examples worked out where chosen to fit the parameters

of that experiment. The experiment employed disk-shaped detectors with
the neutrons impinging parallel to the symmetry axis, a threshold dis-
criminator consisting of a tunnel diode univibrator which responded only
to the fast light from the phosphor, and a pulse-shape discrimination
system based on the crossover point of a bipolar pulse from a slow
amplifier system, which therefore responded approximately to the ratio
of slow to total light emitted.

Certain problems were involved in the calculation. Since scintil-
lators are sensitive only to charged particles, neutrons must be con-
verted by means of a radiator, as abstractly shown in Fig. 1. In experi-
ments in which the radiator and the scintillator are distinct, such as
those reported in Refs. 7-8, a pure-hydrogen radiator can be used and the
detector can be shielded. However, since such an apparatus has a very
poor efficiency (~107°) and is difficult to use in time-of-flight experi-
ments, my interest was in the use of an organic scintillator as both
radiator and detector. The lower limit of use can be as low as 50 keV
(Ref. 10) and the efficiency (i.e., 7, the ratio of the number of counts
to the number of incident neutrons) can be as high as 35%. ILarge scintil-
lators have been studied for use at higher energies.®

Some emphasis is now being placed on the use of liquid scintillators
which have good transparency, and all the data reported here are for the
liquid scintillator NE-213 (Nuclear Enterprises). Also, for some liquid
scintillators, the pulses coming from heavy particles (protons, alphas,
and other products of neutron reactions) can be well separated from the
pulses coming from Compton electrons.'! The main difficulty with using
such detectors in spectrometry experiments is the determination of the
efficiency vs the neutron energy. If there were no noise in the detec-
tion system, all events occuring in the scintillator could be counted,
and the efficiency for neutrons striking the face of a scintillator

slab would be equal in a plane geometry to the absorption:

n=mn... =1-exp (—ZT h) , (1)
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Fig. 1. Principle of Neutron Detection by Proton Recoil.




where h is the thickness of the scintillator and ZT is the total macro-
scopic cross section. ©Since organic scintillators are composed

principally of hydrogen and carbon,

Pp = Ny Op 5 * Ve 9p ¢ > (2)
where NH and NC are respectively the number of atoms of hydrogen and car-
bon per cubic centimeter, and GT H and GT c are their microscopic total

b 2

cross sections. Figure 2 shows the maximum efficiency for two typical
scintillators. However, for handling (and storing) the data, the
detection system must have a threshold for discriminating valid pulses
from noise, which can include the gamma rays detected by the scintil-
lator. With this inclusion the electronic equipment begins to be very
complex, and this complexity is reflected in the calculation of the
efficiency. If we assume good linearity and constant gain in the
photomultiplier tube, we can consider that the analyzing equipment
works directly with the light output of each event. However, to take
into account the neutron vs gamma discrimination, we have to observe

how the light is emitted vs time.

II. LIGHT OUTPUT EQUIVALENTS

If t = O is the time when nuclear reactions and the slowing down
of the charged particles occur (these processes require less than 10718
and 10°'%? sec, respectively), we can measure the amount of "fast" light
(and photoelectrons, pF) emitted by all the charged particles between
t = 0 and a fixed value t; (~5 nsec). We can do the same thing for the
"total" light between O and o (>> 1 usec; practical considerations
often require that t; be chosen in the vicinity of 1 wsec), which gives
pT. Figure 3 illustrates the time dependence of the photoelectron
emission rate. Discrimination between electrons and protons is possible
on the basis of light emission because pF/pT is a function of the
specific energy loss of a particle. (The relation between these quanti-
ties and the energy and the stopping power of the incident charged

particle is described in another paper.®)
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Tt is useful to measure fast. and slow-light production not in
number of photons but in electron-equivalent energy, i.e., the energy
of an electron giving the same mean amount of light. (As seen below,
it is actually necessary to use a hypothetical electron whose specific
energy loss is vanishingly small to avoid quenching of the light.)

The measured quantities are referred to as F and T. Due to the quantum
nature of the light emission and of the photoelectric effect, electrons
of energy F yield a spectrum of values PF(pF). Only a proportionality
between the average value ?F or pT' and F (or T) can be assumed, and

so the frequency function Eq. (3) is employed for the number of "effec-

tive" photoelectrons from an absorption of F keV:

Pr(p) =(/§Tl_kf) exp[- —(—l.g——-kf—)g— ; (3)

where k = "effective" number of photoelectrons per MeV so that <pp> =

kF, where the angle brackets indicate the mean value. Equation (3)
assumes a normal approximation to the Poisson distribution of photo-
electrons. The use of the electron equivalent enables us to compute
the light output of a charged particle with a perfect "scintibloc"
(scintillator plus the photomultiplier) and to calibrate the scintibloc
gain with a gamma-ray source.

The relation between the total-light output T and the energy of
charged particles has been thoroughly studied.*® *® However, it should
be noted that, except in some recent work,zz experimenters try to fit
the data from the total-light output with the semiempirical law given
by Birks®® for the fast output:

Bile
-

R ()
1:+83E
dx

This formula assumes that F, measured in electron eguivalents, is on
the average proportional to Pn, an assumption which neglects the wvari-
able energy loss of electrons. Actually (see Table 1) a little quench-
ing reduces the light output of electrons below 100 keV. This effect



Table 1. Energy Loss of Charged Particles

in NE-2132
Particle Energy dE/dx Range
(MeV) (MeV emg ) (mg/cm® )
Electronb 0.01 23.0d 2.3
0.1 L.15 14.0
10.0 1.96 5,180.0
Proton © .06 1,090.0% 0.1
.0 277.0 2.2
10.0 47.0 119.0
85.0 8.3 5,700.0
¢ d
Alpha 0.5 2,840.0 0.7
2.0 1,800.0 1.3
L.76 971.0 3.6
6.11 811.0 7.2
a
Carbon 6.0 7,600.0
nucleus 12.0 5,300.0° 2.1
36.0 I, 000.0°% 9.0
60.0 2,900.0°

fComposition: N = 0.04826x10R* atoms/cn®, N, =
24 Ha _ 3 C
0.03986x10°* atoms/ci®, d = 0.8759 g/cnC .

bData from P. E. Schambra and A. M. Rauth, Phys.
Rev. 120, 1758 (1960) and A. T. Nelms, Supplement to
NBS-377 (1958).

“Using a mixture of toluene and xylene, I = 59.k4 eV,
data were computed according to the method described by
R. W. Peelle, Rapid Computation of Specific Energy
Losses for Energetic Charged Particles, TM-977 (Apr. 29,

1965).

dMaximum value.

eExperimental data from P. E. Schambra and A. M.
Rauth, Phys. Rev. 120, 1758 (1960).




can be taken into account in one of two ways: (1) Introduce a constant
A # 1, which leads to the formula dF/dE = A(1 + B dE/dx)”*, vhere A-1 is
some mean value of B dE/dx for electrons in the range of measurement used
so that dF/dE for electrons would be about unity; A-1 would be < 5% for
electrons only if F were > 100 keV. (2) Use for the light output me
measurement a "pseudoelectron equivalent" (p.e.q.), i.e., the energy of
an electron giving the same mean amount of light in a hypothetical scin-
tillator where no quenching occurs. This approach seems preferable.

When the scintillator is calibrated with real electrons, it is impor-

an
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the energy of electrons to the slightly smaller energy of
a pseudoelectron. An analysis of some of our experiments and a least-
squares fit of the alpha-particle data of Flynn21 enabled us to obtain
light-output relations for the NE-213 liquid scintillator. The fast-light
output measured in p.e.q. is given by an integral of Birks' law [Eq. (4)]
with a value B = 0.0140 g cm ® MeV™!, which is somewhat higher than that
used by others.?? The total-light output is given by the relation

T=(L-R)F+RS, (5)
where R = 0.15 Z (found empirically)* and S is the equivalent slow-light

output given by the integral of

exp (-B” dB/dx) E>E_ .,

- (6)

Bl &
!

Ecut

The cutoff energy Ecu was taken as half of the energy at which the

maximm dE/dx occurs,tand B” was found to be = 0.0014 g e ® MeV''. This
cutoff is introduced because at very low energy the energy loss is not
entirely due to inelastic collisions with electrons. Some other processes
such as radiation damage effects, can be significant. See J. Lindhard

et al. [Kgl. Danske Videnskab. Selskab Mat. Fys. Medd. Vol. 33, No. 10

(1963)] for a computation of these effects.

*¥Tater work indicates that a better fit can be obtained without
assuming R to be a function of Z.
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IIT. PRINCIPIE OF THE EFFICIENCY CALCULATION

A neutron can be detected only if it reacts to yield at least one

charged particle, if Pp > bF (threshold of detection), and if
Pp N
¢ = 5; > v (discrimination of nature) . (7)

The second condition depends on the use of a fast discriminator to set
the detection threshold, and the third condition assumes that the
pulse-shape discrimination system used depends on the ratio of slow to
total light.

The fast-light output of a beam of monoenergetic neutrons gives a

photoelectron spectrum, SF(p, EO) (or 8., for the total-light spectrum).

T
SF(p, Eo)dp is the probability of p being found between p and p + dp
for an incident neutron of energy EO.

Assuming a perfect neutron/gamma discrimination, the efficiency is

now a function of by (or of its value in p.e.q.: EB):

ﬂ(EO;bF) = T](EO,EB)
o o § (E ,F)dF 2 -
F' o -
= g dp £ —;/-?_k—F—_ exp I:- —(p—§}?Fk—F—)—:} erfc [ k]é‘—g;\; <kEB —(P;J )
8

where @F(EO,F) is the "fast spectrum" of the light output, measured in
p.e.q. for a perfect scintibloc, and where (¥ is the effective { cor-
responding to the discriminator speed. erfec(q) is the complementary
error function defined to give integrals of the normal distribution;
it is zero for large positive g and unity for large negative q;
erfe(0) = 5, and erfe(l) = 0.16.

The problem now of relating @F(EO,F) to the cross section is very
complex since for heavy particles (protons, alphas) F is not at all
proportional to the kinetic energy ¢. So not only do we have to know
the total cross section for each type of reaction but also its energy
spectrum, G(EO* e’ e'g ...), where ¢’ ... are the energies of each

particle emitted. If two particles of the same type are emitted
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(two a's for example), the mean value of their light emission is not
the same as it would be for a2 single particle with the same total
energy. Another consequence is that twofold interactions have to be
taken into account with some care.

This kind of analysis leads to the use of the Monte Carlo method
to predict the energy distribution of the emitted charged particles,
assuming that we have a good nuclear model of the interaction of neutrons
with the nucleus. Since liguid scintillators contain only hydrogen and

carbon, it is the uncertainty of our model for the carbon nucleus which

Since the efficiency of the scintillator is poor for the high-
energy gamma rays emitted from de-excitation of the ®C (for example,
0.1 for a 2.54k-cm-thick scintillator, EY = L.43 MeV), an examination
of the cross sections (Fig. U4) shows that for neutron energies below
12 MeV the only charged particles which need be taken into account are
the recoil nuclei (protons or carbon). Thus the efficiency can be
calculated in this range by using a general neutron transport code.

The purpose of the present calculation will be to calculate for neutrons
above 12 MeV.

IV. FIRST-EFFECTIVE-COLLISION APPROXIMATION
At these energies Mo x’ which is equal to the probability that the
neutron will have at least one collision in the scintillator, is rela-
tively small compared with 1. So in the method of calculation which

consists of decompositicn of n into a series of contributions,

n =1 l+-n2 + q3 + v.. + UPEEER (9)
nl_is the efficiency calculated with only the first collision. Simi-
larly, ng is calculated by following the neutrons which are not detected
by their first collision to add the light output of any second collision,
and so on. The series should converge fairly rapidly.

Each Ny is in turn the sum of two terms, according to whether the
ith collision is on hydrogen or carbon, and we can write in the

straightahead approximation
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Ny = §;-I dx I © @i_l(x,E) X
X [NH o(E) 8;(B,By) + N, o 1(E) giC(E,EB)] G , (10)

where J_ is the incident current of neutron energy E_; gi(E’EB) is the
mean proportion of collisions detected with a bias EB (in pe€.q.) for
the target element indicated by the subscript; and @i-l is the energy
spectrum of neutrons which have made (i-1) collisions.

QO may be written as

@O = J(x) 6(E—EO) . (11)

Integrating over energy, the first-collision efficiency becomes

M = [NH OH(EO) 5H(E0’EB) * NC GC,T(EO) gC(EO’EB)] X

{i ¥ | (12)
X Jo £ J(x) dx R

J(x), the current of neutrons which have had no collisions, may be
written as J(x) = Iy exp(—ZTx) , consistent with the above definitions.
As will be seen below, ZT is too large a cross section for practical
purposes because elastic collisions with carbon have little effect.

At this point the definition of Uil and Mo is modified to assure
that s << n,, even if ¥h is large. The following types of first
collision should be considered:

1. If it is with a proton, the neutron either gives a contri-
bution to n, or is included in Moo

2. If it is a nonelastic collision with a carbon nucleus, the
neutron should be considered as being removed from the incident beam
since any secondary neutron will have different energy and angle.

3. If it is an elastic collision with a carbon nucleus, there is
little probability of detection. Figure 5 shows the differential cross

gsection for the carbon nucleus vs 1-p, where p = cosec .’ The
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abscissa is, consequently, proportional to the recoill energy:

oA
(a+1)°

Eq = Eo(l-u) . (13)
Since the recoil energy is generally small, the elastically scattered
neutron will be considered as remaining in the primary beam.

Using the revised definition of a collison, the current of

‘_.(,X,) = <' eXO(SRX) » (ll‘l‘)

where the removal cross section ZR = NH oy + NC O e This quantity is
plotted in Fig. 6. The curves giving the attenuation p vs energy are
plotted in Fig. 2, where p = [1 - exp(—ZRh)]. It can be noted that
the attenuation is always less than 30% above 12 MeV.

The last bracketed terms in Eq. (12) is called the "effective

thickness" h¥:

h
¥ =—};6F 3(x) ax = [1 - exn(-5;n)1/5, - (15)
Figure 7 shows how h*/h varies with Eo. Note that this correction can
be as high as 15% for a 6-cm detector. The use of the removal cross

section to obtain J(x) has led us to an approximation where the behav-
ior of the calculated efficiency depends mainly on the first collision;

this method is called the "first-effective-collision approximation.”

V. EDGE EFFECTS
The low value of bias contemplated here, about 180 keV p.e.q.,
leads us to neglect edge effects in the first analysis. However, the
low specific energy loss of high-energy protons (lh MeV and above;
see Table 1) is increasingly like that of electrons. To avoid erron-
eous pulse-shape discrimination (psd), which would have led to
rejection of high-energy protons, another pulse-height bias was intro-

duced, Epsd’ above which every pulse was accepted as neutron-induced,
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independent of {. Therefore escaping protons emerging from the scintil-

lator will always be counted if their total light output is above E

psd
because their total energy loss is above an energy-dependent value
of
dE

€psd = Epsd [1+Béﬂiﬂ. (16)

For a reasonable value of E = 2.5 MeV, e varies between 2.5 and
psd psd

L Mev.

An approximate evaluation of the loss of efficiency from edge
effect is described by Rybakov and Sidorov.®* The loss relative to

the unbiased hydrogen efficiency is

R € R €
A o) sd o) psd
<‘nq> =‘h‘D<'§ >+?T<—§_—>’ (17)
edge o o
where RO is the range of a proton of energy Eo’ D and T are functions

tabulated by Rossi and Stau.b,z5 and h and r are the thickness and the

radius of the scintillator, respectively. Figure 8 gives the results
of these calculations and it can be seen that this correction, with
only the first term considered, is less than 5% at EO = 100 MeV for a
scintillator with h = 6.10 cm but could be 7% at E, = 50 MeV if h =
2.54 ecm. As shown later, the ranges of particles emitted in reactions
of neutrons with the carbon nuclei are much less than the range of n-p
protons, and so the edge effect loss for the nonelastic reactions on
carbon can be neglected completely. Also, the pulses from this origin

with pulse height below E are likely in any case to satisfy the

psd
pulse-shape discrimination criterion.

VI. ANISOTROPY IN n,p SCATTERING

Above 10 MeV the scattering is not isotropic in the center-of-

[S)

mass system. Gammel's formula® approximates the observed scattering:

2
5 l+2@%> cos® ¥
G‘l’ = ET? T - 5
i)

(18)
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where | = scattering angle of neutrons in the center-of-mass system,

and

3
= 1.206 B_+(-1.8600+0.09k15 E_+0.000130 E)° *

(o)

T
*T5% E_+(0.4223+0.1300 E, P (19)

__ 4.83 - 0.578 varn. (20)

A

In the laboratory system,
E =+ E, (1-cos ¥) (21)
and

oe(lab) =k o, cos 9 . (22)

The probability that a scattered neutron gives a proton in the
range E_, E _+dE_ is
P p P
bt o dE
w(Ep) G = ¥, >

o i) )
o)

(23)

The differential macroscopic cross section is plotted in Fig. 9

as

WH(Ep) = NH o] w(Ep) . (2k4)

If the bias is sufficiently low, Egs. (9) through (12) can be
simplified with respect to the contribution of hydrogen to the

efficiency:

n(E_, By) = h¥ { wH(Ep) GE = h¥ o(E,, ep) (25)
B
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where h¥* is the effective thickness of the scintillator. With the same
assumption, the effective macroscopic cross section for hydrogen

reactions can be written as

:gff = Z(EO, eB) = ZH[l-a(EO) EE{ . (26)

ide)
Table 2 gives some values of %, and o = __5139, which is the (forward/

average) anisotropy coefficient. Figure 10 shows the curves of ¥ vs EO

for €, = 0 and 1 MeV (i.e., E_ = 180 keV).

B B

VII. DETECTION OF CARBON RECOIL NUCIET
The differential elastic cross section for carbon is not very well
known. However, it 1s important to recognize that there is a very
strong forward lobe (see Fig. 5). Consequently the recoil kinetic

energy is on the average very low:

2A Eo(l—cos )
c- (a+1)2

= 0.1k2 Eo(l-cos ¥) , (27)

where § = the scattering angle in the center-of-mass system. Figure 11
shows the differential cross section as a function of the recoil kinetic

energy. We again define the differential efficiency as
) =N o w(EC) s (28)

where w(EC) has a similar meaning to w(Ep) in Eq. (20):

w(ey) = woli) 1 (29)
E
C

Scaling the ordinate of Fig. 11 easily transforms each curve into
a plot of Wb(EC), but to determine the fast-light distribution of the
fraction of the geometrical cross section which contributes to the

efficiency, &(F), the relations for F(EC) are needed. Batchelor®
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Table 2

rv

Macroscopic Cross Section, Anisotropy Coefficient,
h=)
“y

.
- - P

1d Resultant Bias Effect for Deleciion of Neutrons

by Proton Recoil

Es Ty @ B(E,, e = 1 MeV) §§1§§§§§i2§§§ (#)
(Mev) (em™ 1) (cm™ ) from Bias Effect
1k.s 0.03233 1.0343 0.0300 7.11
20.0 0.0234k2 1.0637 0.0222 5.32
25.0 0.01840 1.0978 0.0176 k.39
30.0 0.01499 1.1379 0.014k4 3.79
Lo.o 0.01060 1.2327 0.0103 3.08
50.0 0.00794 1.3413 0.00772 2.68
60.0 0.006185 1.h571 0.00602 2.43
75.0 0.00kkT 1.6329 0.00436 2.18
90.0 0.00337 1.8000 0.00328 2.00
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used F = 0.015 EC but from our calculation we find that F = 0.01 EC.

27 show that F is even lower. We note then that the

Some recent data
abscissa in Fig. 11 can be either EC or F = 0.01 EC'
We can estimate the order of magnitude of the efficiency contribu-
tion from carbon recoils by a simplification similar to formula (25),
i.e., by neglecting the finite resolution of the scintillator. This

leads to the curves of Fig. 12a, where

o«
7o (B, eg) = [ W, (By) 4B, (30)
€
B
is plotted wvs EB = 0.01 eB for some values of EO. A comparison with

the values of Z(EO, eB) plotted in Fig. 9 shows that this effect is
negligible if ey is more than 10 MeV (EB > 100 keV). However, if the
resolution at very low energy is very broad, some carbon recoils can
be counted above the bias. Figure 12b shows a plot for EO = 30 MeV

k -
= (parameter giving

¢

calculated from Eq. (9) for some values of k* =
the resolution).

From inelastic collisions C(n,n"y)C there will be some carbon
reccil energy, for which process the cross sections are less well known.
For our calculation we assumed that the excitation functions of the

mirror nuclei N and C are the same above 20 MeV:

13 13
) L[] =

13 €13

In the center-of-mass system the respective excitation energies of the

C13 and N13 nuclei in the reactions n+C12 - C13 and p+C12 - N13 are

A
¢ = T E e, (32)

and

E = m Ep+Qp (33)
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Therefore we can use the C(p,p')C* inelastic-scattering data with the

relationship

E, =B -3.33 MeV (34)

n

and normalize so that

+1
[ ow)ap=0. (35)
Figure 13, based on the same treatment as for the elastic scattering
(Fig. 11), shows that the cross section is one-tenth that for elastic
scattering. The main effect of these collisions is to remove 4.4-MeV
energy from the incident neutron without changing its direction. This
effect increases the probability of a collision with a hydrogen nucleus,

and is included in the calculation related to the nonelastic scattering.

VIII. NONELASTIC SCATTERING: NATURE COF REACTION

The following reactions mainly compose the nonelastic cross section:

1. C(n,n”)C* leading to C¥* — 3a, Q = -7.281 MeV, but the lowest
level leading to this decay is the 9.63-MeV level. The excitation
increases rapidly between 12 and 15 MeV and remains nearly constant
above this energy. Although a three-prong-star decay is not impossible,
below 20 MeV the decay proceeds through the level near 10 MeV to the
ground state of ®Be (Refs. 28, 29). 1In the laboratory system in this
threshold region this gives 3¢ particles which have energies in
the range of 1 to 3 MeV; i.e., each particle gives a pulse of about
100 keV p.e.qg. The spectrum of the light should be a very broad line
centered at 300 keV. The efficiency resulting from this reaction is
consequently very sensitive to the bias setting.

2. '2¢(n,p)*®B, Q = -12.592 MeV, and 12C(n,np)''B, Q = -18.721 MeV.
The protons coming from these reactions are mostly above 1 MeV, and thus
give important contribution to the efficiency.

3. 2¢(n,a)®Be, Q = -5.709 MeV. Figure 4 shows the importance of
this reaction, which gives a higher energy alpha particle than does
the 3 decay.
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IX. INTRANUCIEAR CASCADE MODEL
The determination of the efficiency needs not only the cross
sections described above but also differential cross sections such as
cy(En - Eé, Ep). For high values of E_we use a method suggested by
Fermi and developed by Serber®° and Goldberger.®? This method is

called the "intranuclear cascade"®?23

method, but a more appropriate
term would be the "frozen nucleus" method, since it considers separately
the interaction of the incaming particle and the secondary nucleons
with the individual nucleons of the target nucleus. For practical use
the nuclear potential and the spatial and momentum distribution of the -
target nucleons are those assumed to exist before the first interaction.

The validity of this method depends on the converse of the Bohr
assumption®® but in our case it may be made more plausible by the
existence of some alpha-like structure inside the carbon nucleus.
However, the application of this method to the interaction of 20-MeV
neutrons on carbon caused considerable difficulties.

In previous cascade calculations it was assumed that the separa-

tion energy E, was the same for all particles leaving the target, for

example, ES =87 MeV. A more accurate calculation was suggested by the
condition of validity of the method: the mean free path A must be
greater than the channel radius R. 1In our case both are rather in

the same order of magnitude, and some surface effect can occur. This
surface effect should suppress, for example, an (n,p) reaction giving
an emerging proton with an energy differing from the neutron energy

by less than Q. This can be eﬁplained by saying that the wave number
of a particle k = # *[2M(E+V)]® is dramatically reduced when it reaches
the surface.

We have made the assumption that the surface effect delays the
time of emission of the particle sufficiently for the separation energy
to be given by the potential of the compound nucleus (and not the
initial nucleus). In this approximation we continue to neglect the
changes in the nucleon density during the whole nuclear interaction.
This assumption evidently suppresses the nonphysical processes, since

empirical separation energies are employed. For example, for the
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emission of the first particle we have Eg n(cl3) = 4.95 MeV and
2

= . LI' .
Es,p(cl3) 17.54 Mev

Practical Application

The analysis of the intranuclear cascade was made by the Monte

d.33

Carlo metho An incident neutron randomly strikes the "geometrical"

cross section nR° (R = channel radius), and its mean free path is
calculated as

A= (op)* , (36)

where ¢ 1s the nucleon-nucleon cross section as a function of the
relative energy, and p is the nucleon density.

In the Bertini®3 program used here, p is assumed for simplicity
to be uniform in each of three concentric regions. So, in & given
region, A is a function only of the nucleon energy. The problem is now
similar to a neutron transport problem in a finite geometry of three
spherical regions.

By a series of random choices the further scattering of the
primary and secondary nucleons is analyzed until they escape the nucleus
or slow down to a cutoff energy which for convenience is chosen at
0.87 MeV for both protons and neutrons.

The particle type, energy, and momentum vector are recorded by
Bertini's calculation on a magnetic history tape for each nucleon
escaping the nucleus. It happens that the tape records are classified
approximately by decreasing momentum magnitude. The tape does not give
the time of particle escape, but in analyzing it we made the assumptiocn
that the lower the wave number, the more the surface effects can reflect
the particle to delay the emission. 50 in the calculations employed
here an analysis of the nuclear excitation energy is made after each
particle emission record is read from the magnetic tape. If the
excitation is positive, the record of the next escaping particle is
studied, but if the excitation is negative, the cascade reaction is
considered to have stopped before the emission in question. Excitation

energies are obtained by use of nuclear mass tables.
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The momentum and hence the energy of the recoil nucleus are also

calculated and taken into account in determining the nuclear excitation.

BEvaporation Process

After the emission of the last knock-on nucleon, the residual
energy of the nucleus (E¥) may be sufficiently high to boil off particles
such as neutrons, protons, deuterons, tritons, 3He, or alpha particles.
We used the Dresner-Dostrovskyas’36 method to compute this decay. First
is computed the mean probability of emission of each type of particle

(function only of E¥, the separation energy E_,, and the Coulomb barrier

s
energy). Then, after a random choice to deteimine which, if any,
particle is to be evaporated, another choice gives the channel emission
energy €. At this point, since the nucleus velocity may be of the

same order as the particle velocity, we say that if the direction of
emission is randomly distributed the mean value (in the laboratory

system) of the emitted particle square velocity is the sum
<Va>=v“(2:+v2, (37)

where e is the velocity of the compound nucleus before decay and
e = ze is the squared channel velocity. Similarly, we obtain the new
Vo of the residual nucleus. The entire evaporation calculation is made
again until all the probabilities of emission are given as zero. The
mean residual energy is also given by the calculation.
It is in this way that the process computes the 3@ decay
of the excited C12 nucleus. This process proceeds via a 8Be nucleus,
and we considered the instability of its ground state (period ~10"}®sec).

Any SHe and ®°Li nuclei were also forced to decay.

Multiple Scattering

The reactions with carbon may give rise to some neutrons among
the reaction products. The lower their energy, the more likely they
are to produce recoil protons. For each neutron leaving the target
nucleus the mean escape path was calculated along with the mean free

path Zﬁlcorresponding to its energy.
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If the neutron was a product of a cascade, the direction of
emission was known and the average was made for all the points of the
gcintillator. If the neutron was evaporated, the average also included
the direction of the axis. The probability of collision was then
known and two random choices indicated, first, whether a collision had
occurred and, second, what the energy of the recoil proton was. The

result was an energy differential pseudo cross section.

Light Output

The result of the calculation was a set of histories in which an
incident neutron may give one or more charged particles (including
double-scattering pseudo reactions). Since we knew for each particle
its light output, we calculated the light output from the incident
neutron, i.e., the sumn of the light output of each charged secondary
or tertiary particle. Sorting these histories for each incident energy
EO gave the fast and total spectra of the light output as a function

of the pseudo-electron equivalent threshold energy.

Results - Comparison with Experimental Data

Table 3 shows a comparison of the partial reaction cross sections
estimated at 15 and 25 MeV. An item of some importance is the fact
that we found no ground-state reactions (n,a) leading to °Be (see
Section X). [Note: The excited levels of ?Be lead to an evaporated

neutron, in turn giving a contribution to the (n,n"3a) cross section.]

Light Spectrum Results

Due to the uncertainty in the light output from charged particles,
our results on the fast spectrum data are more precise than for the
total light. Figures 14 and 15 show the p.e.q. energy distribution of
¢(F), the fraction of the geometrical cross section, for two scintil-
lator sizes. The integral of this function ¢ above a bias EB’
jg m(F) dF, is the fraction of the geometrical cross section which
contributes to the efficiency. With a finite resolution this integral

is rather f; o(F) K(EB,F) dF with a kernel K(EB F) coming from
B 2
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Table 3. Partial Reaction Cross Sections
for Neutrons on Carbon

Cross Sections (mb*)

Eo = 15 MeV EO = 25 MeV

Reaction Experiment Calculation Experiment Calculation
n,n’y 220 ¢ 30 200 + 20 95 73 + 15
n,n” 3 320 + 50 307 £ 20 2Lo 230 £ 25
n,o 80 + 20 50

n,2n 6 8+5
n,p 18 +6 15 £ 7
n,np 80 73 £ 15

*assuming a geometrical cross section nR® = 774 mb for the intra-
nuclear cascade model nucleus.
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Eq. (9). The geometric cross section for carbon is here taken as
0.77 barn, corresponding to the lowest density portion of Bertini's

nucleus. In other terms ¢ is also the efficiency cm ! MeV ! (z Y?*, where

Zg = NC Gg is the geometrical macroscopic cross section. We have esti-
mated ¢ vs E, the p.e.q. energy.
(2+]
Values of osz =0, Jg o(E) dE are tabulated in Table 4 for two

scintillator sizes (h = 2.5% and 6.1 cm), with E, teken equal to
180 keV p.e.q. (for K = 100 photoelectrons/MeV and g* = 2). These
results are also plotted in Fig. 16, where it can be seen that the
influence of size {double cecatterin nerease of only 1% above
EO = 20 MeV but was more important for lower energies.

Pigure 17 gives for EO = 15 MeV the amplitude distribution per centi-
meter of the total-light spectrum from the cascade-plus-evaporation reaction,

and fr comparison the spectrum from first-order hydrogen scattering alone.

X. REACTION (n,x)
For the (n,a) reaction, which is not included in the intranuclear
cascade process, we assume that the reaction products are isotropic in

the center-of-mass system. Then the efficiency is

E -E
*
g = 1 Ng 9y EQEEEEEQLQ_ ’ (38)
Omax ~omin

37-39
Qa,o
is the alpha-particle

where S is the total cross section for this reaction, is

equal to the maximum value of (eB, Eomin)’ g

energy corresponding to the bias EB’ EOmin is the minimum possible alpha

energy, and Eomax is the maximum energy of the alpha particle emitted.

If we assume that only the neutron is relativistic, the momentum rela-

v E E
_ c.m. _ 1 [} le)
- ) 6

M
A E_+Q = (14—0‘) B, (40)

tion gives

and




Table L.
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Effective Cross-Section o
at E_ = 180 keV p.e.q.

eff
C

B
ogff (mb)

Eo(MeV) For h = 6.1 cm For h = 2.54 cm
10 9L 65
12 128 91
1k 187 150
15 207 168
20 319 313
25 326 320
30 334 331
Lo 310 307
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where E& is the energy of the alpha particle in the center-of-mass system,

Q@ = -5.71 MeV, and MB is the mass of the °Be atom residual. Therefore

Emax 2
04 1 a
. =3 M <£§—— +V ) . (41)
Em:l_n [0A N C..

[0

Values of %;ax and Fgax for some neutron energies are given in Tablie 5.
It will be noted that this process has a smaller zero-bias efficiency
than the (n,n”"3a) reaction, but since only one alpha particle is emitted,

the maximum light output is larger.

XI. SECOND~-ORDER SCATTERING
As we have seen in Section IV [Eg. (10)], we may calculate the

second-order efficienc by taking into account the "second effective
Y "o

collision™:
h Eo
1, = %g dxg 2, 06E) [5(B)ey(B By )45, (B)e(B,EL)] aB . (42)

We also should note that when we have integrated the spectrum shown in
Fig. 15 the differential cross section of the reaction C{n,n’y)C calcu-
lated by the cascade is distributed as the result of the free neutron-
nucleon interaction and not forward-peaked like the observed inelastic
scattering shown in Fig. 13 (even if the total cross section is correct).
So although this second-order scattering is included in the cascade
calculation, we have to add a "forward-peak flux" in the calculation

of the second-order scattering and subtract terms corresponding to the
incorrect angular distribution. From these considerations @l is the

sum of two terms:

8, = @H(X,E)+§§: (x,E) . (43)

The first one results from undetected first scattering with hydrogen,

and since this scattering is nearly isotropiec,
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Table 5. Energy and Fast-Light Output Extrema
from 120(1’1,06)9]3e
E_ (MeV) Egax (MeV) Fr&ax (MeV) Egln (MeV) Fgln (MeV)
1.5 8.36 0.55 2.95 0.12
25 18.0 1.8 7.27 0.43
50 40.8 7 18.6 1.9
75 63.8 1k 27.8 3.8
100 86.8 23 38.1 6.1
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o, = JHl(X,EO) ¢, (E,E_) (k)

with ¢ (E) = 1/BE for E -e_ < E< E_, = O otherwise; 3 is the current
1 o o

B 1
of hydrogen-scattered neutrons (in a one dimensional approximation)

with this variable separation. The contribution ng of @H to n, is again

the product of two terms:
H_[1 (" | o eff, . .
2 = [:I;£ 7 () dxjér o, (E) =7 (B e5) B
h
=L eff
- [J_O g ‘Jli(x) dx] Tom - (45)

The effective cross section here is a function of eé because the light

from any second collision will add to the light from the first. In the
preceding sections we have already calculated the first-effective-colli-

.
.

sion macroscopic cross section for several energies EO with bias €B

eff eff _eff
T (EO,eB) = Iy Iy - (46)

A look at the variation of Ziff Vs Eo (see the final results plotted in

Fig. 18 and data in Ref. 5) shows that since Mo is only a corrective

term the mean value < — > taken between E -e_ and EO is not too

B
different from fof(Eo). To calculate Ziff(Eo,eé), we made the addi-

4

tional assumption that the variation with e is similar to that of

eff B
%;  as given by Eq. (26); therefore
e'
1-a(B_) &=
eff - eff o)
o (Eo’eB) - Zl (Eo’eB) €
1-a(E ) 5=
o
€l-¢
~ eff B 'B
=%, (EO,eB)[l-OA(EO) E ] . (47)

If the light output were a linear function of proton energy, the mean
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value Eé = % €ge If the relation illustrated in Fig. 19 were quadratic
-+ X « s "=_§ . . s
€3 = % eB. As a compromise, we used eB 5 eB. Within these approxi
mations the second term of Eq. (45) becomes
Eo
eff — eff ,
Tow © J 9 Ty (E,el) dE
= 2(g e ) [1+da(E ) e /E ] e /E . (18)
zl o’"B o/ "B'7o” "B o
Iet us now consider the effect of the forward-peaked {iux in Eg
(43), which flux may be written
* i
e = 3;(x,B) 8(8-E;) , (49)

with Ei = Eo-h.h3 MeV. According to Section IV, however, most of the
neutrons in @§ were analyzed in Section IX. Therefore, if we make the
hypothesis that the cascade gives a "white spectrum,”
i i
an J -~ E.
2 71 eff i1 ]
> =7 NaE-) 57 (5,ep) dE-g B 7y(B) gy(B,E;) aB| . (50)

The term between the brackets is equal to

E. E.
ziff<Ei,eB>-<z§ff<E,eB>> Ll T2 2 (B) ey(EEy) @, (51)

and the first two terms cancel in the same approximation used for ng,
giving

fEi ZC(E) gC(E,EB) aE

IS Ei ¢ (52)

It will be convenient to let Eq. (52), which corresponds to two con-

secutive carbon collisions, be equal to

eff
o(E;,Ep) Z5 4 (53)
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so that by defining the usual effective cross section we can write

B,
1
J(E)
o)
w = ey . (54)
i “2,H

We approximate the integral in Eq. {5L) ac
eff Ei eff
T, (E.) EF o B (BB -0 ep) (55)
B p
if By > eg#Q) or equal to zero if By < eptQ [Qp = 12.6 MeV is the
energy deficit in the 1QC(n,p) reaction, and the Monte Carlo results

show a low cascade contribution below about this incident energy]. So

. . e aas eff |,
if Ei > eB+Qp and eB/EO is small, the definition of ZQ,H in Eq. (48)
gives
eff
W = ?9.?9__EEZZ %__ 8 ig - i§:Z£§92]_ (56)
eff(E ) E. E, 3 EO

We can now obtain n, from a combination of Egs. (45), (50), and (53):

Mo = {gz gh [JE (x)+0(E, ,Ep) Ji(x)] dx} ngé

h
= [%Z g 7, (%) dx] zéfﬁ (B) , (57)

where we must recall that w = o if Ei < eB+Qp, or equivalently Eo <
eB+l6.9 MeV. TFor evaluating the first term, h; = jL Jl(x) ax,

o
observe that J, is related to the primary current J(x) = J'Oe-zRX by

dJl i
- = I, -5 (B) 7., (58)

where Zé is the removal cross section for energy E, and Zt is the
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transport cross section defined below. The solution is

by .
J) = KEE%EET Iy (e-ZRX-e_ZRX) s (59)
and

#* Zy 1, -v/n -
h2 = W [EE (e z“R -1) - —Z::L; (e th-l)]
>~ £ 1° Zt’ independent of Zé(and E). (60)

The cross section for the transport J - Jl is Zt = ZH+NCwoi, = ZH+Ziw.

Therefore

_ 1.2 eff
LR
1 .2 €B eff 1 €B
=307 (540w) T £ (8,) (143 o oE )] . (61)

XII. COMPARISON WITH EXPERIMENTAL DATA AT 1L.L5 MeV

The efficiencies calculated for scintillators Bl and 32 (h = 2.61
and 6.10 cm, respectively)at threshold values By = 180 and 1800 keV
p.e.q. are itemized below as an example, and then compared against
experimental values.

Figure 20 illustrates the energy vs light output relationship
described in Section II. From Fig. 20 one may see that EB = 0.18 and
B~ 1.05 and 5.3 MeV.

The two scintillators of thickness 2.61 and 6.1 cm have effective

1.8 MeV p.e.q. correspond to proton energies E

thicknesses h' and h" of 2.43 and 5.15 cm, based on a removal cross
1 2 ?

section ZR = 0.0567 cm *.
In all cases here the estimated edge effect loses counts from about

0.0017 of all neutrons incident, based from Fig. 8 either on 2.2% of

an unbiased hydrogen efficiency of 0.08 for the B, detector or on l%

1

of 0.17 for the B2 detector. It will be recalled that this edge

effect is basged on the qud threshold value.

P=;
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Estimates for E = 180 keV p.e.q.

Hydrogen Scattering. -- £, = 0.03233 em b a/EO = 0.0716; therefore
E;ff = 0.0300. The contributions to 71 are 7.29 and 15.5% for the 2.6-
and 6.1-cm detectors; or with edge effect considered at the 2-MeV E
threshold, 7.1 and 15.3%, respectively.

Cascade from Table 5. -- g, = 160 and 200 mb for thin and thick

C
detectors, giving ngf = 0.0064 and 0.0079, and the efficiency contri-

psd

butions from carbon reactions become 1.56 and 4.1%, respectively.
(n,a)°Be Reactions. -- For this energy Egax = 8.4 Mev, Ein=29
MeV, and ¢ = 80 mb. From Fig. 20, eg 4 MeV and g;ff== 0.0025. So the
contributions are 0.6 and 1.3% to the 2.6- and 6.l-cm efficiencies.
Second Order. -- oi = 220 mb, Ei = 10 MeV, and w = O0; so Zt = 0.03233.
ngﬁ = 0.0027 and 0.0028. hg = 0.113 and 0.61 cm, respectively. The
efficiency contributions are 0.03 and 0.17%.

(n,n’y) Gemma Detection. -= o, = 220 mb and gamma-detection effi-
ciencies at zero bias may be estimated at 10 and 15%, respectively, for
the distributed source. Thus without pulse-shape discrimination the
gamma-detection contributions are about 0.2 and 0.6%, respectively, and
almost half this with pulse-shape discrimination and Ede = 2.MeV.

Total. -- n = 9.4% for the 2.61l-cm detector and 21.2% for the
6.1-cm detector with pulse-shape discrimination (and thus edge effects)

or 9.7 and 21.7% without.

Estimates for E_ = 1800 keV p.e.q.

B
Hydrogen Scattering. -- Z;ff = 0.0201. The contributions are 4.86 and

and 10.4% with the edge effect ignored, and 4.7 and 10.2% with edges
effect included.

Cascade from Fig. 15. -- o, = O.
c a eff
(n,x)°Be Reactions. -- From Fig. 20 €g ~ 18 MeV, so Za = 0.
Second Order. -- EZfﬁ = 0.0085. The contribution N, = 0.1 and 0.5%.
)
(n,n"y) Gamma Detection. -- About 0.1 and 0.3% as above.
Total. -- 1, = 4.9 and 11.0%, counting edge effect, for the 2.6- and

6.1-cm detectors. Unvertainties would be no more than a few percent if
the underlying cross-section uncertainties dominated. Effects of errors

in the light output relation are presently difficult to estimate.
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Table 6 and Fig. 21 compare the above results with the experimental
values of Love et E£.4° The experimental values were obtained with a
detector system which included a plastic light pipe and a 0.5-cm plastic
anticoincidence scintillator between the detector and the neutron source.
Monte Carlo calculations®! employed to estimate the implied small cor-
rections indicated that in both cases the nearby plastic increased the
detector efficiency by a factor of 1.01 £ 0.01 at the high bias and 1.02
+ 0.007 at the low bias. These corrections were not included because of
their small importance and questionable magnitudes. The estimates in
Table 6 do not include pulse-shape discrimination because the comparable
experimental values suffered from an obvious loss of low-energy neutron
pulses.

Examination of Table 6 shows that the estimates at the higher thres-
hold are low by 13% or so, which could most easily occur if there were
some difficulty with the estimation of light output for protons. This
should have little effect at the lower bias, where estimates are low by
an average of 5%. The latter discrepancy seems not fully accounted for
by neglect of the effects of the surrounding materials. The agreement
at low bias is sufficiently good to suggest that the main effects have
been taken into account in the analysis; if, however, experimental cross
sections become known in detail forthe carbon reactions, over the energy
range of interest, it will be more exact to estimate efficiencies by

direct application of Monte Carlo techniques.
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Table 6. Comparison of Calculated and Experimental
Values for 14.5-MeV Neutron@
Scintillator Bias
Thickness Threshold Experimental Calculated
(cm) (keV p.e.q.) Efficiency® Efficiency
2.61 180 0.105 + 0.001 0.097
1800 0.055 + 0.001 0.049
6.10 180 0.226 + 0.002 0.217
1800 0.123 + 0.003 0.110

%The effect of the ~ 3-cm plastic light pipes and the

0.5-cm plastic anticoincidence counter has

been ignored (see

text). The values given here correspond to the case without
pulse-shape discrimination.
been employed among the experimental data, causing the

uncertainties in the experimental values to be increased.

b

Short-range interpolations have

T. A. Love et al., Neutron Phys. Div. Ann. Progr. Rept.
Aug. 1, 1964, ORNL-371k, Vol. II, p. 93; see also ORNL-3893

{in press).
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The electron data are from Flynn et al.

The formulation for alpha particles and protons is given

in Section II.
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